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Neural circuits are shaped by activity-dependent
elimination of redundant synapses during postnatal
development. In many systems, postsynaptic activ-
ity is known to be crucial, but the precise mecha-
nisms remain elusive. Here, we report that the
immediate early gene Arc/Arg3.1 mediates elimina-
tion of surplus climbing fiber (CF) to Purkinje cell
(PC) synapses in the developing cerebellum. CF syn-
apse elimination was accelerated when activity of
channelrhodopsin-2-expressing PCs was elevated
by 2-day photostimulation. This acceleration was
suppressed by PC-specific knockdown of either the
P/Q-type voltage-dependent Ca2+ channels (VDCCs)
or Arc. PC-specific Arc knockdown had no appre-
ciable effect until around postnatal day 11 but signif-
icantly impaired CF synapse elimination thereafter,
leaving redundant CF terminals on PC somata. The
effect of Arc knockdown was occluded by simulta-
neous knockdown of P/Q-type VDCCs in PCs. We
conclude that Arc mediates the final stage of CF syn-
apse elimination downstream of P/Q-type VDCCs by
removing CF synapses from PC somata.
INTRODUCTION
How neural circuits are shaped during postnatal development is
a fundamental issue in neuroscience. Formation of neural cir-
cuits in many regions of the nervous system is initiated by
exuberant synaptogenesis around birth. Necessary synapses
are then selectively strengthened, whereas redundant connec-
tions are weakened and eventually eliminated during the course
of postnatal development (Arsenault and Zhang, 2006; Chen and
Regehr, 2000; Kano and Hashimoto, 2009; Lu and Trussell,
2007; Purves and Lichtman, 1980). This process is known as1024 Neuron 78, 1024–1035, June 19, 2013 ª2013 Elsevier Inc.synapse elimination and is widely thought to be crucial for
shaping mature neural circuits depending on neural activity (Buf-
felli et al., 2003; Hensch, 2004; Kano and Hashimoto, 2009; Katz
and Shatz, 1996; Lichtman and Colman, 2000; Purves and Licht-
man, 1980; Watanabe and Kano, 2011). Postnatal refinement of
climbing fiber (CF) to Purkinje cell (PC) synapses in the cere-
bellum has been a representative model of synapse elimination
in the developing brain (Crepel, 1982; Hashimoto and Kano,
2005; Lohof et al., 1996; Watanabe and Kano, 2011). At birth,
multiple CFs with similar synaptic strengths innervate the soma
of each PC. A single CF is selectively strengthened among mul-
tiple CFs in each PC during the first postnatal week, and then
only the strengthened CF (the ‘‘winner’’ CF) extends its innerva-
tion over dendrites of each PC. In contrast, surplus weaker CFs
(the ‘‘loser’’ CFs) are left on the PC soma and then mostly elim-
inated during the second postnatal week (Bosman et al., 2008;
Hashimoto et al., 2009a; Hashimoto and Kano, 2003, 2005;
Watanabe and Kano, 2011). One-to-one connection from CF to
PC dendrites is established in most PCs by the end of the third
postnatal week (Watanabe and Kano, 2011). Several molecules
responsible for mediating neural activity are involved in CF syn-
apse elimination, including the type 1 metabotropic glutamate
receptor (mGluR1) (Ichise et al., 2000; Kano et al., 1997),
P/Q-type voltage-dependent Ca2+ channel (VDCC) (Hashimoto
et al., 2011; Miyazaki et al., 2004), NMDA-type glutamate recep-
tor (Kakizawa et al., 2000; Rabacchi et al., 1992), and glutamic
acid decarboxylase 1 (Nakayama et al., 2012). Importantly,
decreasing PC activity in mice by either overexpression of
chloride channels or PC-selective deletion of P/Q-type VDCCs
impairs CF synapse elimination (Hashimoto et al., 2011; Loren-
zetto et al., 2009). However, it remains unclear how PC activity
determines CF synapse elimination.
Arc (also known as Arg3.1) is a well-known immediate early
gene that acts as an effector protein downstream of multiple
neuronal signaling pathways (Bramham et al., 2008; Shepherd
and Bear, 2011). The function of Arc has been characterized in
the hippocampus and cerebral cortex as having a role in synaptic
plasticity (Guzowski et al., 2000; Okuno et al., 2012; Plath et al.,
2006), homeostatic plasticity (Shepherd et al., 2006; Turrigiano,
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Figure 1. Two-Day Photostimulation of ChR2-Expressing PCs Ac-
celerates CF Synapse Elimination
(A) PCs expressing ChR2-EYFP in an olivo-cerebellar coculture. Scale bar,
20 mm.
(B) Representative voltage traces under current-clamp mode from a PC ex-
pressing ChR2. Records were taken before photostimulation (top), during 1 s
photostimulation at 0.33 Hz (middle), and during continuous photostimulation
(bottom). Inset, expanded trace for the first 1 s of continuous photostimulation.
Durations of photostimulation are indicated by blue bars. Scale bars, 5 s
and 50 mV.
(C) Cell-attached recordings from two ChR2-expressing PCs. Scale bars, 5 s
and 50 pA.
(D) Increase in firing rate against blue light intensity in PCs expressing ChR2-
EYFP (n = 7 PCs from four cocultures). The number of spikes was counted
during a 1 s epoch before and during photostimulation.
(E) ChR2-EYFP was expressed in PCs and blue light stimulation (1 s light
exposure at 0.1 Hz) was applied for two days from 10 or 11 DIV. Representative
traces of CF-EPSC recorded from a control PC (left, ‘‘control’’ with two distinct
EPSC steps) and a ChR2-expressing PC (right, ‘‘ChR2’’ with one EPSC step).
Scale bars, 10 ms and 1 nA. Holding potential, 30 mV. Intensity for CF
stimulation in the medullary explant was increased gradually and represen-
tative single traces recorded around individual threshold intensity were
superimposed. Sample CF-EPSC traces in olivo-cerebellar cocultures are
shown similarly in the following figures: Figures 2A, 4A, and 5A.
(F) Frequency distribution histogram for the number of CFs innervating control
(open columns, n = 38 PCs) and ChR2-expressing (filled columns, n = 37 PCs)
PCs from 24 cocultures. Frequency distribution was significantly different
between the two groups of PCs (p = 0.0009, Mann-Whitney U test).
Error bars in (D) represent ± SEM.
See also Figure S1 and Table S1.
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Activity-Dependent Synapse Elimination by Arc2008), and experience-dependent plasticity in the remodeling of
neocortical circuits (McCurry et al., 2010; Wang et al., 2006).
Recently, Arc has been shown to function as ‘‘inverse tags’’ of
inactive synapses and specifically accumulate at weaker synap-
ses to prevent their undesired enhancement (Okuno et al., 2012).
Although Arc was reported to be required for the late phase of
long-term depression (LTD) in cultured cerebellar PCs (Smith-
Hicks et al., 2010), the roles Arc plays in developmental synapse
elimination have not been addressed.
To explore the possible involvement of Arc in activity-depen-
dent CF synapse elimination, we used in vitro organotypic cocul-
ture preparations that consist of cerebellar slices and explants of
the medulla oblongata containing the inferior olive, the origin of
CFs (Uesaka et al., 2012). This olivo-cerebellar coculture well
mimics in vivo cerebellar circuits and reproduces the processes
of CF synapse formation and elimination with molecular mecha-
nisms similar to those in vivo (Uesaka et al., 2012). Using this
coculture preparation combined with optogenetics (Boyden
et al., 2005) and lentivirus-mediated knockdown of genes of
interest, we demonstrate that Arc is a critical postsynaptic medi-
ator for activity-dependent CF synapse elimination downstream
of P/Q-type VDCCs in PCs. Furthermore, our study in the devel-
oping cerebellum in vivo confirmed the results and further
revealed that Arc is specifically involved in eliminating surplus
CF synapses on the PC soma at the final stage of CF synapse
elimination.
RESULTS
Two-Day Excitation of PCs Accelerates CF Synapse
Elimination
To elucidate how PC activity mediates CF synapse elimination,
we first examined the effect of increasing PC activity on CF syn-
apse elimination using the coculture preparations. PCs at 10–
12 days in vitro (DIV) exhibited spontaneous firing at 17.0 ±
2.5 Hz (Figure S1A available online, n = 10), which is comparable
to the spontaneous firing rate of PCs in the rodent cerebellum
in vivo during the second postnatal week (Woodward et al.,
1969). This indicates that PCs in cocultures have a similar level
of activity to those in the developing cerebellum in vivo. To opti-
cally increase PC activity, we expressed channelrhodopsin-2
(ChR2)-EYFP in PCs under the control of PC-specific L7 pro-
moter using a lentiviral gene transfer technique (Figure 1A) (Boy-
den et al., 2005; Sawada et al., 2010). We verified that blue light
stimulation reliably evoked spiking in ChR2-expressing PCs
under whole-cell current-clamp (Figure 1B) and cell-attached
extracellular recording (Figure 1C) modes. Blue light pulses of
0.33 Hz faithfully evoked spiking in ChR2-expressing PCs (Fig-
ure 1B). To determine the light intensity for chronic photostimu-
lation, we examined the efficacy of blue light stimulation to
induce spikes in PCs with different light intensities. The maximal
power density of a blue light-emitting diode (LED, 470 nm) we
used was 0.34 mW/mm2 when measured 2 cm from the LED.
Photostimulation of this power density increased the firing rate
by 66.5 ± 8.8 Hz from the baseline activity in ChR2-expressing
PCs (Figure 1D). This firing rate is approximately 4-fold higher
than the spontaneous firing rate of PCs in the rodent cerebellum
in vivo during the second postnatal week when CF synapseNeuron 78, 1024–1035, June 19, 2013 ª2013 Elsevier Inc. 1025
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Activity-Dependent Synapse Elimination by Arcelimination occurs (Woodward et al., 1969). Therefore, we
judged this stimulus strength to be sufficient for chronic photo-
stimulation. Whereas continuous 30 s photostimulation failed
to drive spiking in the latter one-third of illumination period, 1 s
photostimulation reliably induced firing in PCs that persisted dur-
ing stimulation (Figure 1B). Thus, we adopted 1 s of light expo-
sure at 0.1 Hz for chronic photostimulation.
We applied 2-day photostimulation to cocultures from 10 or
11 DIV (Figure 1E), when redundant CFs are being eliminated
(Uesaka et al., 2012). After the 2-day photostimulation, we
examined CF innervation patterns in cocultures by using
whole-cell recordings from ChR2-expressing and uninfected
(control) PCs in the same slices. We found that 97% of photo-
stimulated PCs were innervated by one or two CFs, whereas
58% of control PCs were innervated in the same way, indi-
cating that CF synapse elimination was accelerated in photo-
stimulated PCs (Figures 1E and 1F; p = 0.0009, Mann-Whitney
U test). To exclude the possibility that either ChR2 expression
or blue light illumination alone promoted CF synapse elimina-
tion, we compared (1) ChR2-expressing and uninfected (con-
trol) PCs in the absence of blue light (Figure S1B) and (2)
EGFP-expressing and uninfected (control) PCs with the 2-day
blue light illumination (Figure S1D). In both (1) and (2), there
was no significant difference in CF innervation between in-
fected and uninfected control PCs (Figures S1B–S1E; 1: p =
0.2232, 2: p = 0.1596, Mann-Whitney U test). These results
demonstrate that chronically increasing PC activity promotes
CF synapse elimination. Other electrophysiological parameters
of CF-PC synapses and membrane properties of PCs were
similar between photostimulated and control PCs (see the Sup-
plemental Text and Table S1). Moreover, the formation and
function of parallel fiber (PF)-PC synapses were normal in pho-
tostimulated PCs (see the Supplemental Text and Figures S1F
and S1G).
P/Q-type VDCCs Mediate the Acceleration of CF
Synapse Elimination
The P/Q-type VDCC is a major high-threshold VDCC in PCs and
has been demonstrated to mediate CF synapse elimination in
the developing cerebellum (Hashimoto et al., 2011; Miyazaki
et al., 2004). We hypothesized that the acceleration of CF syn-
apse elimination by ChR2-mediated elevation of PC activity
was caused by the increase of Ca2+ influx through P/Q-type
VDCCs. To inhibit the function of P/Q-type VDCCs in PCs,
we constructed lentiviruses containing engineered microRNA
(miRNA) targeting the P/Q-type VDCC (P/Q miRNA) and a
fluorescent protein under the control of L7 promoter (see the
Supplemental Text and Figures S2A–S2C). Using this construct,
we confirmed that the P/Q-type VDCC was required for CF syn-
apse elimination in cocultures as well as in vivo (Hashimoto
et al., 2011; Miyazaki et al., 2004) (see the Supplemental Text
and Figures S2D and S2E).
We examined whether the P/Q-type VDCC plays a role in
the acceleration of CF synapse elimination by the 2-day photo-
stimulation. There was no significant difference in the ampli-
tude of inward currents evoked by 1 s blue light stimulation
between PCs with ChR2 expression + P/Q miRNA expression
(P/Q knockdown) and those with ChR2 expression alone (Fig-1026 Neuron 78, 1024–1035, June 19, 2013 ª2013 Elsevier Inc.ures S2F and S2G; p = 0.4450, Mann-Whitney U test), indi-
cating a similar expression level of ChR2. We applied the 2-
day blue light illumination to three groups of coculture, namely,
cocultures containing PCs with ChR2 expression (yellow),
those with ChR2 expression + P/Q knockdown (red), and
those with EGFP expression + P/Q knockdown (green), from
10 or 11 DIV, when the majority of PCs are innervated by
four or more CFs (Uesaka et al., 2012). Uninfected (control)
PCs sampled from the three groups of coculture exhibited
similar CF innervation patterns (Figure 2C; p = 0.8505, Krus-
kal-Wallis test), which enabled us to compare CF innervation
patterns within the three groups of infected PCs. We found
that the CF innervation patterns within the three groups signif-
icantly differed from each other (Figure 2B; p < 0.0001, Krus-
kal-Wallis test). We found that a significantly higher number of
CFs innervated PCs with ChR2 expression + P/Q knockdown
(red) when compared to those with ChR2 expression alone
(yellow) (Figure 2B; p = 0.0412, Steel-Dwass test). This obser-
vation demonstrates that the acceleration of CF synapse elim-
ination by the 2-day excitation of PCs is significantly attenu-
ated by P/Q knockdown. Thus, Ca2+ influx through P/Q-type
VDCCs is an important factor for the acceleration of CF syn-
apse elimination. On the other hand, a significantly higher
number of CFs innervated PCs with EGFP expression + P/Q
knockdown (green) when compared to those with ChR2
expression + P/Q knockdown (red) (Figure 2B; p = 0.0461,
Steel-Dwass test), suggesting that residual P/Q-type VDCCs
after knockdown, and/or other voltage-dependent mecha-
nisms, might contribute to the acceleration of CF synapse
elimination.
P/Q-type VDCCs Mediate Activity-Dependent
Expression of Arc in PCs
Neural activity induces a number of Ca2+-dependent genes that
are involved in synapse development, maturation, and refine-
ment (Greer and Greenberg, 2008). Previous studies demon-
strate that CF synapse elimination is an activity-dependent
process mediated by P/Q-type VDCCs (Hashimoto and Kano,
2005; Hashimoto et al., 2011; Miyazaki et al., 2004). Thus, we
considered the possibility that some Ca2+-dependent genes
regulate CF synapse elimination in the cerebellum. We focused
on an immediate early gene, Arc, because its expression is
tightly coupled to neural activity downstream of multiple
signaling pathways (Bramham et al., 2008; Shepherd and Bear,
2011), including Ca2+ influx through VDCCs (Adams et al.,
2009). Arc messenger RNA (mRNA) is detectable in PCs in the
mouse cerebellum at an early postnatal stage, and its expression
increases during postnatal development (Allen Brain Atlas;
http://mouse.brain-map.org). We confirmed this expression
pattern by comparing Arc mRNA expression levels in the mouse
cerebellum at postnatal day 9 (P9) and P16 by real-time PCR. Arc
mRNA expression level at P16 was more than 2-fold higher than
at P9, indicating that the expression of Arc significantly increases
during the period of CF synapse elimination (Figure 3A; left,
normalized by HPRT, p = 0.0005; right, normalized by GAPDH,
p = 0.0159, Student’s t test).
To examine whether Arc expression in PCs is activity depen-
dent, we used Arc-pro-Venus-pest transgenic mice in which a
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Figure 2. P/Q-type VDCCs Are Required for
the Acceleration of CF Synapse Elimination
(A) PCswith ChR2 expression (top, ‘‘ChR2’’), ChR2
expression + P/Q knockdown (KD) (middle,
‘‘ChR2 + P/Q KD’’), and EGFP expression + P/Q
KD (bottom, ‘‘EGFP + P/Q KD’’) were illuminated
with blue light for two days. Representative traces
of CF-EPSCs recorded at 12–13 DIV. Scale bars,
10 ms and 1 nA. Holding potential, 30 mV.
(B) Frequency distribution histogram for the num-
ber of CFs innervating PCs with ChR2 (yellow col-
umns, n = 37 PCs from 24 cocultures), ChR2 + P/Q
KD (red columns, n = 32 PCs from 22 cocultures),
and EGFP + P/Q KD (green columns, n = 31 PCs
from 20 cocultures). A highly significant difference
was noted in CF innervation patterns among the
three groups of infected PCs (p < 0.0001, Kruskal-
Wallis test). Frequency distribution was signifi-
cantly different between PCs with ChR2 and those
with ChR2 + P/QKD (p = 0.0412, Steel-Dwass test)
and PCs with ChR2 + P/Q KD and those with
EGFP + P/Q KD (p = 0.0461, Steel-Dwass test).
(C) Frequencydistributionhistogram for thenumber
of CFs innervating uninfected (control) PCs (yellow
columns, control for ChR2, n = 38 PCs from 24
cocultures; red columns, control for ChR2 + P/Q
KD, n = 32 PCs from 22 cocultures; and green col-
umns, control for EGFP + P/Q KD, n = 31 PCs from
20 cocultures). There was no significant difference
in frequency distribution among the three groups of
control PCs. p = 0.8505, Kruskal-Wallis test.
See also Figure S2.
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Activity-Dependent Synapse Elimination by ArcVenus fluorescent reporter is expressed under the control of Arc
promoter (Kawashima et al., 2009). We made cocultures of
cerebellar slices derived from Arc-pro-Venus-pest transgenic
mice and explants of medulla oblongata. Robust expression of
Arc was observed mainly in PCs by either membrane depolari-
zation (high K+, 60 mM) (Figures 3B) or optogenetic excitation
(1 s blue light exposure at 0.1 Hz) (Figure S3A). The increase
of Arc expression was suppressed when u-agatoxin IVA
(0.4 mM) was applied in the high K+-containing culture medium
(Figure 3B). Similar suppression of high K+-induced elevation
of Arc expression was observed in cocultures with PC-specific
P/Q knockdown (Figure S3B). We further confirmed the
activity-dependent expression of endogenous Arc in PCs by
immunohistochemistry using anti-Arc antibody (Figure 3C).
These results indicate that Arc is expressed in PCs in an
activity-dependent manner, which requires the activation of
P/Q-type VDCCs in PCs.
Because neural activity along PFs is considered to activate
mGluR1 in PCs and to drive CF synapse elimination (Ichise
et al., 2000; Kakizawa et al., 2000; Kano et al., 1997), we tested
whether activation of mGluR1 in cocultures could elevate Arc
expression in PCs. We applied an mGluR1 agonist, RS-3, 5-
dihydroxyphenylglycine (DHPG, 100 mM), to cocultures from
Arc-pro-Venus-pest transgenic mice and found that DHPG failed
to elevate Arc expression (Figure S3C). We also found that the
high K+-induced increase of Arc expression was not suppressed
by an mGluR1 antagonist, LY367385 (100 mM) (Figure S3C).
These results indicate that mGluR1 itself is not essential for
inducing Arc expression in PCs.Arc Mediates CF Synapse Elimination in Cocultures
To examine whether Arc is involved in CF synapse elimination,
we constructed lentiviruses expressing engineered miRNA
directed against Arc (Arc miRNA) together with EGFP under L7
promoter. Introduction of Arc miRNA robustly reduced Arc
expression to background (only-GFP expressing) level in Arc-
overexpressed HEK293T cells (Figures S4A and S4B; p <
0.0001, Dunnett test). Arc miRNA also reduced the activity-
dependent expression of Arc in PCs in cocultures (Figure S4C).
We found that 66% of PCs expressing Arc miRNA (Arc knock-
down PCs) were innervated by three or more CFs, whereas 23%
of uninfected (control) PCs were innervated in the same way at
15–17 DIV (Figures 4A and 4B). The frequency distribution histo-
gram clearly shows that Arc knockdown PCs were innervated by
a significantly higher number of CFs than control PCs (Figure 4B,
p = 0.0003, Mann-Whitney U test). The 10%–90% rise time of
CF-mediated excitatory postsynaptic currents (CF-EPSCs) was
similar between Arc knockdown PCs and control PCs, whereas
the total amplitude of CF-EPSCs was significantly larger in Arc
knockdown PCs than in control PCs (Table S1; p = 0.0094,
Mann-Whitney U test). We then checked whether selective
strengthening of a single CF among multiple CFs was influenced
by Arc knockdown. We calculated the disparity ratio and
disparity index for each multiply innervated PCs, which have
been used for estimating relative strengths of CF inputs (see
the Supplemental Experimental Procedures) (Hashimoto and
Kano, 2003). We found that both parameters were similar
between Arc knockdown PCs and control PCs (Table S1). These
results indicate that Arc mediates CF synapse elimination inNeuron 78, 1024–1035, June 19, 2013 ª2013 Elsevier Inc. 1027
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Figure 3. Developmental Increase of Arc Expression and Its Activity-
Dependent Expression Mediated by P/Q-type VDCCs
(A) Quantification of Arc mRNA in the cerebellum at P9 and P16 by real-time
PCR. The expression of Arc was normalized to that of internal standard, hy-
poxanthine guanine phosphoribosyl transferase (HPRT, left) or glyceralde-
hydes-3-phosphate dehydrogenase (GAPDH, right) (P9, 3 mice; P16, 3 mice).
***p = 0.0005, *p = 0.0159, Student’s t test.
(B) Immunofluorescent labeling for Venus (Arc expression reporter, green) and
calbindin (PCs, red) in cocultured cerebellar slices derived from Arc-pro-
Venus-pest transgenicmice at 13 DIV after 5 hr incubationwith control, high K+
(60 mM), or u-agatoxin IVA (0.4 mM) + high K+-containing culture medium.
Scale bar, 50 mm.
(C) Immunofluorescent labeling for Arc (green) and calbindin (red) in cocultured
cerebellar slices derived from wild-type mice at 13 DIV after 5 hr incubation
with control, high K+, or u-agatoxin IVA + high K+-containing culture medium.
Scale bar, 50 mm.
Error bars in (A) represent ± SEM. See also Figure S3.
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Figure 4. Arc Mediates CF Synapse Elimination in Cocultures
(A) Representative CF-EPSCs recorded at 15–17 DIV from a control uninfected
PC (left) and a PCwith Arc knockdown (‘‘Arc KD,’’ right). Scale bars, 10 ms and
1 nA. Holding potential, 30 mV.
(B) Frequency distribution histogram for the number of CFs innervating
control PCs (open columns, n = 30 PCs) and PCs with Arc KD (filled columns,
n = 32 PCs) from 21 cocultures. Frequency distribution was significantly
different between the two groups of PCs (p = 0.0003, Mann-Whitney U test).
See also Figure S4 and Table S1.
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Activity-Dependent Synapse Elimination by Arccocultures. We verified the specificity of the effect of Arc knock-
down on CF synapse elimination by demonstrating that Arc
miRNA-2, another nonoverlapping miRNA construct directed
against Arc, impaired CF synapse elimination in the same1028 Neuron 78, 1024–1035, June 19, 2013 ª2013 Elsevier Inc.way as Arc miRNA (see the Supplemental Text and Figures
S4A–S4E).
Arc Is Required for the Acceleration of CF Synapse
Elimination
P/Q-type VDCCs mediate the acceleration of CF synapse elimi-
nation caused by elevation of PC activity (Figure 2). Arc is ex-
pressed in PCs in an activity-dependent manner, which requires
the activation of P/Q-type VDCCs in PCs (Figures 3 and S3).
Therefore, it is legitimate to assume that Arc may be necessary
for the acceleration of CF synapse elimination. To test this pos-
sibility, we examined the effect of Arc knockdown on its acceler-
ation. We combined ChR2 expression and Arc knockdown by
coexpressing Arc miRNA and ChR2-EYFP in PCs of cocultures
by using lentiviruses. We applied the 2-day blue light illumination
to three groups of coculture, namely, cocultures containing PCs
with ChR2 expression (yellow), those with ChR2 expression +
Arc knockdown (red), and those with EGFP expression + Arc
knockdown (green), from 10 or 11 DIV (Figure 5A). Uninfected
(control) PCs sampled from the three groups of coculture ex-
hibited similar CF innervation patterns (Figure 5C; p = 0.4702,
Kruskal-Wallis test). In contrast, there was a significant differ-
ence in the CF innervation patterns within the three groups of
infected PCs (Figure 5B; p < 0.0001, Kruskal-Wallis test). We
found that a significantly higher number of CFs innervated PCs
with ChR2 expression + Arc knockdown (red) when compared
to those with ChR2 expression alone (yellow) (Figure 5B; p =
0.0283, Steel-Dwass test). This finding demonstrates that Arc
knockdown inhibits the acceleration of CF synapse elimination
by the 2-day excitation of PCs. Together with the observations
that Arc is tightly coupled with PC activity (Figures 3 and S3),
these results suggest that activity-dependent expression of
Arc is a key step to the acceleration of CF synapse elimination.
On the other hand, a significantly higher number of CFs inner-
vated PCs with EGFP expression + Arc knockdown (green)
when compared to those with ChR2 expression + Arc knock-
down (red) (Figure 5B; p = 0.0412, Steel-Dwass test), suggesting
that residual Arc molecules after knockdown, and/or other
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Figure 5. Arc Is Required for the Accelera-
tion of CF Synapse Elimination
(A) PCs with ChR2 (top), ChR2 + Arc KD (middle)
and EGFP + Arc KD (bottom) were illuminated with
blue light for two days. Representative traces of
CF-EPSCs recorded at 12–13 DIV. Scale bars,
10 ms and 1 nA. Holding potential, 30 mV.
(B) Frequency distribution histogram for the num-
ber of CFs innervating PCs with ChR2 (yellow col-
umns, n = 37 PCs from 24 cocultures), ChR2 + Arc
KD (red columns, n = 35 PCs from 23 cocultures),
and EGFP + Arc KD (green columns, n = 31 PCs
from 20 cocultures). A highly significant difference
was noted in CF innervation patterns among the
three groups of infected PCs (p < 0.0001, Kruskal-
Wallis test). Frequency distribution was signifi-
cantly different between PCs with ChR2 and those
with ChR2 + Arc KD (p = 0.0283, Steel-Dwass test)
and between PCs with ChR2 + Arc KD and those
with EGFP+ArcKD (p = 0.0412, Steel-Dwass test).
(C) Frequency distribution histogram for the
number of CFs innervating uninfected (control)
PCs (yellow columns, control for ChR2, n = 38 PCs
from 24 cocultures; red columns, control for
ChR2 + Arc KD, n = 32 PCs from 23 cocultures;
and green columns, control for EGFP + Arc KD,
n = 31 PCs from 20 cocultures). There was no
significant difference among the three groups of
control PCs. p = 0.4702, Kruskal-Wallis test.
See also Figure S4.
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eration of CF synapse elimination.
Arc Mediates CF Synapse Elimination In Vivo
To examine the role of Arc in CF synapse elimination in vivo, we
injected lentiviruses expressing Arc miRNA together with EGFP
under the control of L7 promoter into the mouse cerebellar ver-
mis at P2–P3 (Iizuka et al., 2009). The cerebella were examined
at P19–P26, when most PCs have become innervated by single
CFs in wild-type mice. First, we confirmed that EGFP was ex-
pressed predominantly in PCs in virus-injected mice (Figure 6A).
Then we examined CF innervation patterns in virus-infected (Arc
knockdown) and uninfected (control) PCs by using whole-cell re-
cordings from PCs in acute cerebellar slices. We found that PCs
with Arc knockdown were innervated by a significantly higher
number of CFs than control PCs (Figures 6B and 6C; p =
0.0002, Mann-Whitney U test), indicating that the regression of
surplus CFs was impaired in Arc knockdown PCs. To exclude
the possibility of off-target effect of Arc miRNA, we constructed
lentiviruses that encode anArcmiRNA-resistant form of Arc (Arc-
res) together with mOrange. Arc-res was shown to be refractory
to Arc miRNA in HEK293T cells (Figures S5A and S5B). We in-
jected the mixture of lentiviruses carrying Arc knockdown and
Arc-res into the mouse cerebellum and found that most infected
PCs exhibited expression of both EGFP (Arc knockdown) and
mOrange (Arc-res). There was no significant difference in CF
innervation patterns between PCs with Arc knockdown + Arc-
res and uninfected (control) PCs (Figures 6E and 6F; p =
0.8770, Mann-Whitney U test). Thus, the impairment of CF syn-
apse elimination in Arc knockdown PCs was rescued by exoge-
nous expression of Arc-res in PCs. From these results, weconclude that Arc plays a pivotal role in CF synapse elimination
in vivo.
We examined the effect of Arc knockdown on other parame-
ters of CF-PC synaptic transmission. The total amplitude of
CF-EPSCs was significantly larger in Arc knockdown PCs than
in control PCs (Figure 6D; p = 0.0008, Mann-Whitney U test),
which was compatible with the result of Arc knockdown in cocul-
tures (Table S1). The larger amplitude of CF-EPSCs in Arc knock-
down PCs was restored to the normal level when Arc-res was
simultaneously expressed, indicating that the larger amplitude
of EPSC was also attributable to Arc knockdown (Figure 6G;
p = 0.5056, Mann-Whitney U test). The paired-pulse ratio of
CF-EPSCs (Table S2; p = 0.2568, Mann-Whitney U test), the
disparity index and disparity ratio (Table S2; disparity index:
p = 0.1829, disparity ratio: p = 0.2100, Mann-Whitney U test),
and the 10%–90% rise time of CF-EPSCs (Table S3) were similar
between Arc knockdown PCs and control PCs. These results
indicate that basic properties of CF-PC synapses and functional
differentiation of CF inputs were not affected by Arc knockdown
in PCs.
To further confirm the specificity of the effect of Arc knock-
down on CF synapse elimination in vivo, we carried out addi-
tional experiments using Arc miRNA-2. We found that Arc
miRNA-2 impaired CF synapse elimination and increased the
total amplitude of CF-EPSCs exactly in the same way as Arc
miRNA (see the Supplemental Text and Figures S5C–S5J).
Because Arc miRNA and Arc miRNA-2 had the same effects
on CF synapse elimination, we used Arc miRNA in the following
experiments.
We then examined whether Arc influences PF-PC synapses.
The paired-pulse ratio of PF-mediated EPSCs (PF-EPSCs) wasNeuron 78, 1024–1035, June 19, 2013 ª2013 Elsevier Inc. 1029
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Figure 6. ArcMediates CF Synapse Elimina-
tion In Vivo
(A) An acute slice from a lentivirus-injected cere-
bellum prepared at P20. Lentivirus encoding Arc
miRNA and EGFP (Arc KD) was injected into the
cerebellar vermis (left, indicated with thick arrow)
at P2. Low (middle) and high (right) power focus of
the same cerebellar slice for fluorescent signals
showing PCs expressing EGFP. Scale bars,
0.5 mm (middle) and 50 mm (right).
(B) Representative traces of CF-EPSCs recorded
from a control uninfected PC (left) and a PC with
Arc KD (right). Lentivirus carrying Arc miRNA was
injected into the cerebellar vermis at P2–P3, and
CF-EPSCs were recorded from PCs in acute
cerebellar slices prepared from ten mice at P19–
P26. For each PC, the pipette for CF stimulation
was moved systematically by about 20 mm step
around the PC soma, and the stimulus intensity
was increased gradually at each stimulation site.
For showing representative CF-EPSC traces, one
to three CF-EPSC traces recorded around indi-
vidual threshold intensity were superimposed.
Sample CF-EPSC traces from acute cerebellar
slices are shown similarly in the following figures:
Figures 6E, 7A, 8A, and 8C.
(C) Frequency distribution histogram for the num-
ber of CFs innervating control PCs (open columns,
n = 48 PCs) and PCs with Arc KD (filled columns,
n = 59 PCs). Frequency distribution was signifi-
cantly different between the two groups of PCs
(p = 0.0002, Mann-Whitney U test).
(D) Summary bar graph for the total amplitude of
CF-EPSCs in control PCs and PCs with Arc KD
(control, n = 48 PCs; Arc KD, n = 50 PCs). ***p =
0.0008, Mann-Whitney U test.
(E) Representative traces of CF-EPSCs in an un-
infected control PC (left) and a PC transfected with
Arc KD + Arc miRNA-resistant form of Arc (‘‘Arc-
res,’’ right). A mixture of lentiviral vectors carrying
Arc KD and Arc-res was injected into the cere-
bellum at P2–P3, and CF innervation patterns were
examined in seven mice at P19–P24.
(F) Frequency distribution histogram for the number of CFs innervating control PCs (open columns, n = 32 PCs) and PCs transfected with Arc KD + Arc-res (filled
columns, n = 33 PCs). No significant difference was detected between the two groups of PCs (p = 0.8770, Mann-Whitney U test).
(G) Summary bar graph for the total amplitude of CF-EPSCs in control PCs and PCs transfected with Arc KD + Arc-res (control, n = 31 PCs; Arc KD + Arc-res,
n = 30 PCs). No significant difference was detected between the two groups of PCs (p = 0.5056, Mann-Whitney U test).
Scale bars, 10 ms and 1 nA. Holding potential, 10 mV.
Error bars in (D) and (G) represent ± SEM. See also Figure S5 and Tables S2 and S3.
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Activity-Dependent Synapse Elimination by Arcsimilar between Arc knockdown PCs and control PCs (Figures
S5K and S5L; p = 0.3030, two-way ANOVA). The input-output
curves of PF-EPSC amplitude relative to stimulation strength
were not significantly different between Arc knockdown and
control PCs (Figures S5K and S5M; p = 0.3910, two-way
ANOVA). These observations suggest that the persistent inner-
vation of multiple CFs observed in Arc knockdown PCs is not
due to malformation or malfunction of PF-PC synapses.
Arc Is Involved in Elimination of CF Synapses on the PC
Soma
Previous studies indicate that there are four distinct phases in
postnatal development of CF-PC synapses (Hashimoto et al.,
2009b; Kano and Hashimoto, 2009; Watanabe and Kano,1030 Neuron 78, 1024–1035, June 19, 2013 ª2013 Elsevier Inc.2011). Elimination of surplus CFs proceeds in two phases, the
early phase from P7 to around P11, which is independent of
PF-PC synapse formation, and the late phase from around P12
to P17, which requires normal PF-PC synapse formation.
Notably, CF synapses remaining on the PC soma are eliminated
in the late phase and a monoinnervation pattern is attained
(Hashimoto et al., 2009b; Kano and Hashimoto, 2009; Watanabe
and Kano, 2011). To examine whether loss of Arc influences the
early phase of CF synapse elimination, we compared CF inner-
vation patterns in Arc knockdown PCs and control PCs at
P11–P12. We found that there was no significant difference in
CF innervation patterns between Arc knockdown PCs and
control PCs, suggesting that the late phase rather than the
early phase was affected by Arc knockdown (Figures 7A and
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Figure 7. Persistent Perisomatic CF Innervations in Arc Knockdown
PCs In Vivo
(A) Representative traces of CF-EPSCs from a control PC (left) and a PC with
Arc KD (right). Lentivirus carrying Arc miRNA and EGFPwas injected at P2–P3,
and CF-EPSCs were recorded at P11–P12 from five mice. Scale bars, 10 ms
and 1 nA. Holding potential, 10 mV.
(B) Frequency distribution histogram for the number of CFs innervating control
PCs (open columns, n = 26 PCs) and PCs with Arc KD (filled columns, n = 26
PCs) at P11–P12 from five mice. There was no significant difference between
the two groups of PCs (p = 0.5538, Mann-Whitney U test).
(C and D) Confocal microscopic images of a cerebellum transfected with
scrambled control Arc miRNA (‘‘Scr-Arc,’’ C) and that with Arc KD (D) showing
immunoreactivities for calbindin (blue, PCs), VGluT2 (red, CF terminals), and
EGFP (green). Scale bar, 50 mm.
(E) Frequency distribution histogram for the number of perisomatic CF-ter-
minals on PCs with Scr-Arc (open columns, n = 36 PCs from two mice) and
those with Arc KD (filled columns, n = 39 PCs from two mice). A highly sig-
nificant difference was noted between the two groups of PCs (p < 0.0001,
Mann-Whitney U test).
(F) Relative height of VGluT2-labeled CF terminals in the molecular layer for
Scr-Arc (open columns, n = 12 slices from two mice) and Arc KD (filled col-
umns, n = 12 slices from two mice) cerebella. There was no significant dif-
ference between the two groups of PCs (p = 0.1124, Mann-Whitney U test).
Error bars in (F) represent ± SEM. See also Figure S6.
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Activity-Dependent Synapse Elimination by Arc7B; p = 0.5538,Mann-Whitney U test). To examinewhether Arc is
involved in the removal of CF synapses around the PC soma, we
quantified the number of somatic CF terminals in scrambled con-
trol Arc miRNA (Scr-Arc, control) and Arc knockdown mice at
P20 by immunostaining of the CF terminal marker type 2 vesicu-
lar glutamate transporter (VGluT2). We verified that CF synapse
elimination was not influenced by Scr-Arc expression (Figures
S6A and S6B; p = 0.8770, Mann-Whitney U test). We found
that 77% of Arc knockdown PCs had three or more VGluT2-
labeled CF terminals around their somata, whereas only 11%
of Scr-Arc PCs did so (Figures 7C–7E; p < 0.0001, Mann-
Whitney U test), indicating that elimination of somatic CF synap-
ses was impaired in Arc knockdown PCs. In contrast, the relative
height of VGluT2-labeled CF terminals in the molecular layer was
similar between Scr-Arc and Arc knockdown mice (Figures 7C,
7D, and 7F; Scr-Arc, 70.4% ± 3.4%, 12 areas; Arc knockdown,
72.1% ± 2.7%, 12 areas; p = 0.1124, Mann-Whitney U test), indi-
cating that extension of CFs along PC dendrites was not affected
by Arc knockdown. Taken together, we conclude that Arc is
involved in the removal of perisomatic CF synapses in the late
phase of CF synapse elimination.
Arc Mediates CF Synapse Elimination Downstream of
the P/Q-type VDCC
P/Q-type VDCCs are crucial for inducing Arc expression in PCs
(Figures 3 and S3). Because both P/Q-type VDCCs and Arc are
required for activity-dependent CF synapse elimination (Figures
2 and 5), Arc is considered to mediate CF synapse elimination
downstream of P/Q-type VDCCs. To check this possibility, we
examined whether the effect of Arc knockdown on CF synapse
elimination is occluded by, or is additive to, P/Q knockdown.
We first verified that P/Q miRNA expressed in PCs in vivo at
P2–P3 completely eliminated the function of P/Q-type VDCCs
when examined at P9 by using two distinct constructs that con-
tained P/Q miRNA at the 50 side and the 30 side of a fluorescent
protein (Figures S7A and S7B). We then injected the virus for P/Q
knockdown together with that for Scr-Arc (P/Q knockdown +
Scr-Arc) or with that for Arc knockdown (P/Q knockdown + Arc
knockdown) into the mouse cerebellum at P2–P3 (Figure 8A).
We made acute cerebellar slices at P19–P23 and examined CF
innervation patterns of doubly infected PCs. We found that
47% of PCs with P/Q knockdown + Scr-Arc and 49% of PCs
with P/Q knockdown + Arc knockdown were innervated by two
or three CFs, and there was no significant difference in CF inner-
vation patterns between the two groups (Figures 8A and 8B; p =
0.9417, Mann-Whitney U test). About 80% of uninfected control
PCs were innervated by single CFs in both groups, indicating
that there was no experimental bias between the two groups
(Figures S7C and S7D; p = 0.7094, Mann-Whitney U test). These
results clearly demonstrate that the effect of Arc knockdown on
CF synapse elimination was occluded by P/Q knockdown in PCs
and indicate that Arc mediates CF synapse elimination down-
stream of P/Q-type VDCCs.
Finally, we tested whether Arc expression alone in PCs can
promote CF synapse elimination without P/Q-type VDCC func-
tion. We examined the effect of Arc overexpression in P/Q
knockdown PCs to determine whether exogenous expression
of Arc rescues the impairment of CF synapse elimination causedNeuron 78, 1024–1035, June 19, 2013 ª2013 Elsevier Inc. 1031
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Figure 8. Arc Is a Necessary, but Not Suffi-
cient, Mediator of CF Synapse Elimination
Downstream of P/Q-type VDCCs
(A) Representative traces of CF-EPSCs from a PC
with P/Q KD + Scr-Arc (upper) and that with P/Q
KD + Arc KD (lower). A mixture of lentiviruses was
injected at P2–P3, and CF-EPSCs were recorded
from five mice at P19–P23 (P/Q KD + Scr-Arc) and
six mice at P19–P22 (P/Q KD + Arc KD).
(B)Frequencydistributionhistogram for thenumber
of CFs innervating PCswith P/QKD+Scr-Arc (gray
columns, n = 38 PCs from five mice) and P/Q KD +
Arc KD (filled columns, n = 47 PCs from six mice)
showing no significant difference between the two
groups of PCs (p = 0.9417, Mann-Whitney U test).
(C) Representative traces of CF-EPSCs from a PC
with P/Q KD + lentivirus for mOrange expression
(‘‘mOrange,’’ upper) and that with P/Q KD +
lentivirus for Arc overexpression (‘‘Arc OE,’’ lower).
A mixture of lentiviruses was injected at P2–P3,
and CF-EPSCs were recorded from five mice at
P21–P23 (P/Q KD + mOrange) and seven mice at
P20–P23 (P/Q KD + Arc OE).
(D) Frequency distribution histogram for the
number of CFs innervating PCs with P/Q KD +
mOrange (gray columns, n = 35 PCs from five
mice) and P/Q KD + Arc OE (filled columns, n = 49
PCs from seven mice) showing no significant dif-
ference between the two groups of PCs (p =
0.4702, Mann-Whitney U test).
Scale bars, 10 ms and 1 nA. Holding potential,
10 mV.
See also Figure S7.
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together with that for mOrange (P/Q knockdown + mOrange)
or with that for Arc overexpression (P/Q knockdown + Arc over-
expression) into the mouse cerebellum at P2–P3 (Figure 8C). We
found that 51% of PCs with P/Q knockdown + mOrange and
43% of PCs with P/Q knockdown + Arc overexpression were
innervated by two or three CFs at P20–P23, and there was no
significant difference in CF innervation patterns between the
two groups (Figures 8C and 8D; p = 0.4702, Mann-Whitney U
test). Again, about 80% of uninfected control PCs were inner-
vated by single CFs in both groups, indicating that there was
no significant experimental bias between the two groups (Fig-
ures S7C and S7D; p = 0.9229, Mann-Whitney U test). These re-
sults demonstrate that Arc overexpression alone cannot rescue
the impaired CF synapse elimination in P/Q knockdown PCs.
Thus, whereas Arc activation is essential, Arc may cooperate
with other factors induced by P/Q-type VDCC-mediated Ca2+
elevation in PCs to collectively accomplish the late phase of
CF synapse elimination.
DISCUSSION
Previous studies in the neuromuscular junction (Favero et al.,
2009; Thompson, 1983) and the cerebellum (Lorenzetto et al.,
2009) have indicated that postsynaptic activity is crucial for
synapse elimination. However, the mechanisms as to how
postsynaptic activity mediates synapse elimination and which
activity-dependent mediators are involved have remained un-1032 Neuron 78, 1024–1035, June 19, 2013 ª2013 Elsevier Inc.clear. In this study, we showed that Arc expression increased
in the developing cerebellum during the period of CF synapse
elimination and its activity-dependent expression in PCs
required P/Q-type VDCCs. Then we demonstrated that Arc
knockdown in PCs suppressed the enhancement of CF synapse
elimination by increasing PC activity in olivo-cerebellar coculture
preparations in vitro. Finally, we found that Arc knockdown in
PCs in the developing cerebellum in vivo resulted in a significant
impairment of CF synapse elimination. These results indicate
that Arc is a critical postsynaptic mediator for activity-dependent
CF synapse elimination downstream of P/Q-type VDCCs.
Our previous studies indicate that P/Q-type VDCCs mediate
most of the Ca2+ influx into PCs during CF activity (Hashimoto
et al., 2011) and that VDCCs in PCs are required for selective
strengthening of a single ‘‘winner’’ CF in each PC, dendritic
translocation of the ‘‘winner’’ CF, and elimination of weak ‘‘loser’’
CF synapses from the PC soma (Hashimoto et al., 2011; Miya-
zaki et al., 2004). In the present study, we found that PC-specific
Arc knockdown in vivo did not affect the disparity index and
disparity ratio, the height of CF synaptic terminals in the molec-
ular layer, and CF innervation patterns at P11–P12. These results
indicate that the selective strengthening of a single CF in each
PC, the dendritic translocation of the strengthened CF, and the
early phase of CF synapse elimination are not affected by
PC-specific Arc knockdown. Whereas these three phases of
CF synapse elimination are severely impaired in PC-selective
P/Q-type VDCC knockout mice (Hashimoto et al., 2011), Arc
does not seem to be a downstreammediator of P/Q-type VDCCs
Neuron
Activity-Dependent Synapse Elimination by Arcfor these events during the first 10 days of postnatal cerebellar
development.
Because endogenous Arc mRNA expression exhibits more
than a 2-fold increase from P9 to P16, Arc is considered to
play an important role in the late phase of CF synapse elimina-
tion. We found that Arc knockdown in PCs in vivo at P2-P3 did
not affect CF innervation when examined at P11–P12 but signif-
icantly impaired CF synapse elimination thereafter, particularly in
the removal of redundant CF synapses from PC somata. The
effect of Arc knockdown on CF synapse elimination was
completely occluded by simultaneous P/Q knockdown, indi-
cating that Arc mediates CF synapse elimination downstream
of P/Q-type VDCCs. In contrast, Arc overexpression in PCs did
not rescue the impaired CF synapse elimination caused by P/Q
knockdown. Therefore, Arc is considered to require other factors
induced by P/Q-type VDCC-mediated Ca2+ elevation in PCs to
remove redundant CF synapses from PC somata during the
late phase of CF elimination. Previous studies have clarified
that mGluR1 to protein kinase Cg (PKCg) cascade in PCs is
crucial for the late phase of CF synapse elimination (Ichise
et al., 2000; Kano et al., 1995, 1997, 1998; Offermanns et al.,
1997). Besides this pathway involvingmGluR1, the present study
demonstrates that P/Q-type VDCC-mediated Ca2+ elevation and
Arc activation is another activity-dependent pathway for the late
phase of CF synapse elimination. It remains to be investigated
whether and how these two pathways interact in PCs to elimi-
nate redundant CF synapses on the PC soma.
It has been demonstrated that both long-term potentiation
(LTP) and LTD occur at CF-PC synapses in rats (Bosman et al.,
2008) and mice (Ohtsuki and Hirano, 2008) during the first post-
natal week. Importantly, LTP has been reported to occur exclu-
sively at strong CF inputs that can produce spikes and significant
Ca2+ transients, whereas LTD has been shown to be induced at
weak CF inputs that are not associated with Ca2+ transients
(Bosman et al., 2008). The LTP and LTD during the first postnatal
week may contribute to selective strengthening of single CF
inputs and the prevention of other CF inputs from potentiation
in individual PCs (Bosman et al., 2008; Ohtsuki and Hirano,
2008). These processes are not considered to involve Arc. In
contrast, only LTD has been reported at CF-PC synapses during
the second and third postnatal weeks (Hansel and Linden, 2000)
when Arc seems to contribute to CF synapse elimination.
Because the loss of Arc is reported to impair LTD in hippocampal
neurons (Plath et al., 2006) and cultured cerebellar PCs (Smith-
Hicks et al., 2010), it is possible that Arc may also be involved
in the expression of LTD at CF-PC synapses.Moreover, previous
studies in the hippocampus indicate that Arc plays an important
role in the trafficking of AMPA-type glutamate receptors
(AMPARs) (Chowdhury et al., 2006; Shepherd et al., 2006; Turri-
giano, 2008). Our observation that the amplitude of CF-EPSC in
Arc knockdown PCs was larger than control PCs suggests that
Arc may be involved in AMPAR endocytosis in PCs, which leads
to LTD of CF-EPSCs. It is therefore possible that Arc-mediated
AMPAR endocytosis and the resultant LTD at CF-PC synapses
may contribute to the weakening and eventual elimination of
redundant CF synapses. A similar mechanism can be seen in
the developing neuromuscular junction, where the decrease of
postsynaptic acetylcholine receptors precedes the withdrawalof the overlying presynaptic terminals during synapse elimination
(Colman et al., 1997).
Disordered expression of Arc has recently been reported in
several mouse models of neurodevelopmental diseases,
including Fragile X syndrome and tuberous sclerosis (Auerbach
et al., 2011; Park et al., 2008). Furthermore, Arc is also shown
to be a direct target of the ubiquitin ligase Ube3a (Greer et al.,
2010). Ube3a is a disease gene in Angelman syndrome, a neuro-
developmental disorder characterized by various dysfunctions,
including cerebellar ataxia (Jiang et al., 1998). Because the pre-
sent study demonstrates essential roles of Arc in synapse elim-
ination in the developing cerebellum, it is possible that some
symptoms of Arc disorder might be related to abnormality of
neural circuit organization and function. Therefore, it is important
to examine whether and howArc contributes to neural circuit for-
mation and refinement in brain regions that are considered to be
relevant to the symptoms.
EXPERIMENTAL PROCEDURES
Animals
Sprague-Dawley (SD) rats and C57BL/6 mice were used (SLC JAPAN). All ex-
periments were performed according to the guidelines laid down by the animal
welfare committees of the University of Tokyo and the Japan Neuroscience
Society. Lines of transgenicmice harboring theArc-pro-Venus-pest transgene
were generated in C57BL/6 by a method similar to that used for establishing
Arc-pro-EGFP-Arc transgenic mice (Okuno et al., 2012). Detailed character-
ization of Arc-pro-Venus-pest transgenic mice will be described elsewhere
(H.O. and H.B., unpublished data). Other details are described in the Supple-
mental Experimental Procedures.
Olivo-cerebellar Cocultures and Photostimulation
The olivo-cerebellar cocultures were prepared as described previously
(Uesaka et al., 2012). In brief, the ventral medial portion of the medulla contain-
ing inferior olivary neurons was dissected from rat embryo at embryonic day 15
and cocultured with a cerebellar slices of 250 mm thickness from P10mice. For
continuous photostimulation of cocultures in a humidified incubator, a blue
LED was placed onto each culture dish with a distance of the LED and the
coculture of 2 cm. Other details are described in the Supplemental Experi-
mental Procedures.
Viral Vector Constructs
VSV-G pseudotyped lentiviral vectors (pCL20c) (Hanawa et al., 2002) were
designed for PC-specific expression under the control of a truncated L7 pro-
moter (pCL20c-L7) (Sawada et al., 2010). For vector-based RNA interference
(RNAi) analysis, we used a BLOCK-iT Pol II miR RNAi Expression Vector Kit
(Invitrogen). The engineered miRNA constructs were produced by PCR ampli-
fication of miRNA region in BLOCK-iT Pol II miR RNAi expression vector fol-
lowed by subcloning into pCL20c-L7 at 50- or 30-side of a fluorescent protein
or ChR2 as indicated in the figures. Other details for preparation of viral vector
constructs and methods for virus infection are described in the Supplemental
Experimental Procedures.
Electrophysiology
Recordings from PCs in the cocultures were performed as described previ-
ously (Uesaka et al., 2012) and are detailed in the Supplemental Experimental
Procedures. To stimulate CFs, square voltage pulses (duration, 0.1 ms; ampli-
tude, 0–90 V) were applied between two of the eight tungsten electrodes
placed in the medullary explants. All possible combinations of two electrodes
were tested, and stimulus intensity was carefully increased from 0 V to 90 V for
each stimulation pair so as not to miss the CFs innervating the recorded PC.
Preparation of acute cerebellar slices and recording from PCsweremade as
described previously (Hashimoto and Kano, 2003; Hashimoto et al., 2009b)
and are detailed in the Supplemental Experimental Procedures. To recordNeuron 78, 1024–1035, June 19, 2013 ª2013 Elsevier Inc. 1033
Neuron
Activity-Dependent Synapse Elimination by ArcCF-EPSCs, stimuli (duration, 0.1 ms; amplitude, 0-90 V) were applied at
0.2 Hz through a patch pipette filled with normal external solution. CFs were
stimulated in the granule cell layer 20–100 mm away from the PC soma. For
each PC, the pipette for CF stimulation was moved systematically by about
20 mm step around the PC soma, and the stimulus intensity was increased
gradually from 0 V to about 90 V at each stimulation site. The number of CFs
innervating the recorded PC was estimated by the number of discrete CF-
EPSC steps as previously described (Hashimoto and Kano, 2003; Hashimoto
et al., 2009b).
Statistical Analysis
All statistical values were presented as mean ± SEM unless indicated other-
wise. The Mann-Whitney U test or Student’s t test was used as indicated in
the text when two independent samples were compared. Formultiple compar-
ison, Kruskal-Wallis test, Steel-Dwass test, Dunnett test, and two-way ANOVA
were used as indicated in the text. Statistical analysis was conducted with
JMP Pro. Differences between data sets were judged to be significant at
p < 0.05. *, **, ***, and **** represents p < 0.05, p < 0.01, p < 0.001, and
p < 0.0001, respectively.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Text, Supplemental Experi-
mental Procedures, seven figures, and three tables and can be found with this
article online at http://dx.doi.org/10.1016/j.neuron.2013.04.036.
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